The context of UK energy policy
In the second quarter of 2011 renewables contributed 9.6% (7.86TWh) to the UK's electricity supply. This represents a 50% rise on 2010. The wind energy sector saw output rise 120% year on year, while hydro rose by 75% over the same period. Gas contributed 44% (down from 53% in 2010), coal 22% and nuclear 21% [1] .
By 2020, around 1/3 of the UK's coal fired capacity, 2/3 of the oil fired capacity and nearly ¾ of the nuclear capacity, which amounts to around 30% of the UK's entire generating capacity [2] , will be closed down due to age or the impact of the EU's large combustion plant directive [3] . For this same period, the UK has agreed to increase the share of energy demand to be covered by renewable sources to 15%, which will see the share of renewable electricity rise to around 30% [4] . By 2050, the electricity sector needs to be nearly entirely decarbonised in order to achieve the legally binding target of 80% CO2 emissions reductions on 1990 levels by 2050 [5, 6] .
In order to achieve this transition towards a low-carbon and increasingly renewable energy system, investments ranging between £100bn and £200bn [6] [7] [8] will be required. The need to replace ageing electricity generation infrastructure and the pressure to expand renewable energy generation while reducing the overall carbon intensity of the UK economy is exacerbated by economic uncertainties, posing a considerable challenge to the UK economy and its energy sector in particular.
Energy policy in the UK has already witnessed various priority shifts in the last 40 year as Britain has swung from being a major oil and gas importer to being a producer and then moving back to being an importer, with import dependency set to increase to 46-58% by 2020 compared to 27% in 2009 [9] .
The UK's principle dependency on gas was established in the 1990s as coal fired generation was phased out with the 'dash for gas' associated with privatisation and competition supplanting the post-war model of nationalisation and statutory policy. The result is that the achievement of policy objectives such as maintaining the security of supply has increasingly been placed in the hands of market forces [10] .
Transition challenges
The achievements of the UK's competitive energy market are considered by many as the most brilliant policy success in the UK over the last 25 years [11] while others bemoan its failure to produce desired outcomes [12] . One of the less desired outcomes is that the UK's energy market remains characterised by lock-in. This implies that investments in the energy sector generally take several decades to pay off and utilities are reluctant to take ageing generation infrastructure off the grid as long as it is economically viable to continue operation due to the windfall profits this practice ensures [13, 14] . The incumbency of the system also increases the tendency to replace infrastructure on a 'like for like' basis. A diverse approach to scale, on the other hand, might introduce more flexibility into investment patterns, which would reduce the inherent irreversibility of many energy system investments [15] .
The UK is therefore i n t he pos iti on w he r e current decision-making in energy policy will determine the lock-in for the coming decades, particularly taking the legally binding 80% emissions reductions by 2050 on 1990 levels, as recommendations by the Committee of Climate Change [6] , into account. The Long Term Electricity Network Scenarios commissioned by Ofgem (Office of Gas and Electricity Markets) provide options ranging from a centralised 'big transmission and distribution' scenario to a highly decentralised 'micro-grids' scenario [16] .
The current tendency is towards a centralised scenario with a portfolio of centralised renewable energy options (primarily offshore wind), nuclear power stations and fossil-fuel with Carbon Capture and Storage [6] . This relates to lock-in associated with technological, institutional and social path dependency [16, 17] ).
Centralised energy generation is a reflection of the economic development process and this trajectory is also indicative of social and economic values and behaviours and the nature of governance at local and national level. However, it is questionable whether it can provide for a more sustainable society and economy and lay the foundation for a transition. The problem with these technology options lies in their limited capacity to e ncour a ge m or e de ce nt ra li se d gove r na nce structures and service-based business models that could foster significant demand-side cuts in energy use [18] . The cost of setting up separate decentralised plant is high but if it is considered as part of a large scale transition of t he U K ele ct r ic it y s yst e m it woul d be one pr oje ct a m ong ma ny . A decentralised power grid will still need to rely on centralised power infrastructure, especially gas fired generation, to help balance supply and demand patterns within and between local areas [19] .
The diffusion of renewable energy technologies
With the rediscovery of a 'role for government intervention' in the energy market [20] , the last decade has seen several incentives being put forward and implemented to encourage the uptake particularly of renewable energy technologies. During this time period the Renewables Obligation has also undergone a transformation towards a feed-in tariff in all but name although competition appears to remain the overarching objective of energy policy, rather than the reduction of risk [21] . The UK government's stance on energy policy is therefore still to let the competitive market decide but it is increasingly accepting the need to slip back into the role of principle change agent by providing a framework capable of overtly influencing potentially negative effects of the invisible hand of the market [21] .
In general, however, the technical and political challenge of decarbonisation has been seriously underestimated [22] . Every major deployment of new energy technology has relied on some form of government support and the UK's challenge is to design energy policies capable of outperforming historical diffusion laws (see [23] ). Certain technologies will need to be picked as winners, even if the choice of technology can be left to the market.
There are physical limits to the diffusion of technological innovation but Governments can accelerate deployment by designing policies to target specific technologies [23] . This provides space 01012-p.2 nd European Energy Conference or 'niches' for technological incubation and development without the competitive pressure of markets dominated by incumbent technologies [24] .
Niche development in the field of energy might entail the experimentation with various untested or novel technologies, in the process of which hands-on and contextualised knowledge emerges alongside locally applicable lessons. This innovation is then diffused through support regimes by networks of actors developing de-contextualised and more generally applicable rules and models independent from niche or local contexts [25, 26] .
Policy support for niche development, such as feed-in tariffs, needs to be flexible as technologies move along the deployment scale from pilot projects to market interventions in order to cover the difference between energy generation costs and wholesale energy prices. The different banding of solar PV against wind, for instance, allows them to compete and once the threshold for 'materiality' is crossed, technology costs become the dominant factor as the unit costs should have fallen sufficiently so that any subsidies, in case they still remain necessary, are small [23] . Table 1 . Global production of primary energy sources [23] .
The diffusion of a portfolio of renewable energy technologies has the benefit of diversifying resources, but only once the technologies themselves have passed through the resource intensive production cycle. It also increases resilience to an extent that the energy system's adaptive capacity enables it to persist in changing frameworks and circumstances [27] .
The co-evolution of technological and social innovations
This techno-economic dimension of the diffusion process, however, i s n o t s u f f i c i e n t for the successful transition towards a low-carbon energy system as part of a low-carbon economy. Nevertheless, the UK's likely pathway of offshore wind, fossil-fuel generation with CCS and nuclear power [6] remains embedded within. CCS and nuclear power represent an end-of-pipe approach as they tackle carbon emissions at the point where electricity is generated without requiring any changes to the system. Offshore wind represents a continuity approach as it modifies a selected component of the system in that it is a technology that will require some balancing due to its volatile 01012-p.3 nature without disrupting the overall system architecture. Onshore wind and small-scale renewable energy technologies, on the other hand, represent more of a discontinuity approach as they have a combined capacity to entirely replace the centralised system, albeit at a highly localised/ island scale [14] .
What is generally overlooked when it comes to the diffusion of decentralised renewable energy technologies in line with the discontinuity approach, is the social diffusion side of innovations. Solar PV, for example, started off in space technology where costs were less important but only through a process of co-evolution of technology and markets through investment grants, tax exemptions and regulatory support has the technology reached what might be termed 'materiality'. Technological and social learning processes therefore enable adjustment of the technology as well as the social embedding to increase the chances of successful diffusion [28] .
The challenge of deploying renewables, however, is increased by the different investment models required. Compared to conventional energy generation technologies, investment in renewable energy technologies is front loaded. This implies that the initial investment costs and sunk costs are relatively higher compared to the life-cycle costs of fossil-fuel plants, where a large share of the overall costs relate to the fuel itself, or in the case of nuclear power, to the decommissioning [29] .
The UK renewable energy economy
The Renewables Obligation (RO) and the Feed-in Tariff (FiT) are the primary regulatory incentives designed to increase the implementation of renewables in the UK. The FiT avoids the problems one encounters when competing directly against established technologies in their area of strength as they enable market penetration through niches by addressing a market need which has gone unfilled by dominant technologies [30] . The RO is characterised more by competition between technologies, which has not always delivered anticipated results [12] . Both policies nevertheless constitute a coordinated assault on established electricity generation technologies.
The UK energy economics framework, however, remains heavily skewed in favour of incumbent technologies. The additional annual costs of renewable energy amount to around £30 per household while nuclear liabilities amount to around £350. New nuclear is also set to be excluded from additional costs they will impose on the network, an exemption which does not apply to renewable energy technologies [31] .
Both the RO and the FiT have been successful at delivering technological diffusion in the areas they are arguably most favourable towards, onshore wind and solar PV. Compared to other European countries, however, their deployment rate remains relatively low. Even with the 2020 scenarios foreseeing a doubling of onshore capacity to 2.44 wind turbines per 100sq km [32] , the UK will remain far behind the likes of Germany (5.95 WTs/100sq km) or Denmark (10.85 WTs/100sq km), countries that share similar land-use constraints as the UK [33] . The treatment that onshore wind energy receives within the UK planning system is therefore inhibiting a sustained technological diffusion despite the RO and the FiT providing incentives for technological deployment. This is further proof of the UK's centralised generation lock-in, which is resulting in the UK lagging behind many other northern European countries in the location of electricity generation capacity close to the end consumer [34] . With current governance structures this is unlikely to change considerably in the near future and this development has been hampered further by the lack of incentives for local authorities to engage in energy generation. Nevertheless there remains scope for sub-national institutions to play a greater role in decentralisation. So far however, only local authorities in Woking and London have proven successful and these examples may indicate the difficulties associated with developing capacities for local authorities in the UK to influence the shape of local energy systems [19, 35] . The failure to realise these considerable potentials for more renewable energy development potentially amounts to system failure [36] .
The success of other countries' cumulative causation processes relating to the diffusion of renewable energy technologies lies in the formation and sustaining of markets. This is achieved by giving investors 'benefits that are powerful (to provide strong incentives and to compensate for the 01012-p.4 nd European Energy Conference inherently large uncertainties involved), predictable (to reduce inherent uncertainties to manageable level) and persistent (to allow for long life times of the equipment and a long learning period)' [37] .
On the other hand, the UK is world leader in offshore wind with a capacity installed equal to the installed capacity of the rest of the world put together [38] . This partly relates to the prioritisation that offshore wind receives by the Department of Energy and Climate Change, which is arguably '95% offshore' [39] as well as the indirect prioritisation through the planning system. The planning for developments exceeding 50MW is decided by the Secretary of State according to Section 36 of the Electricity Act 1989 [40] , rather than local councils.
Renewable energy and decarbonisation
The UK's focus on offshore wind at the centralised scale and solar PV at the decentralised scale is unnecessarily expensive, particularly regarding the cost per unit of decarbonisation. This narrow technological focus might even have knock-on effects in other areas by reducing competitiveness and welfare. The total cost of this trajectory will amount to £32bn under the RO, £3.6bn under the FiT and another £18.7bn relating to other policies and measures between 2011 and 2020. The cost per tonne of carbon saved amount to around £130 under the RO and £460 under the FiT, compared to £14 per tonne of carbon saved under the technology neutral EU ETS [41] .
At the same time, the cost of electricity from CCGT has also doubled between 2006 and 2010 from £42/MWh to £80/MWh. Similarly, the cost of offshore doubled between 2005 and 2010 due to rising costs of materials, commodities and labour costs, currency movements, increasing prices for turbines over and above the cost of materials due to market conditions and engineering issues, the increasing depth and distance of more ambitious projects affecting installation, foundation and operation and maintenance costs, supply chain constraints, notably in vessels and ports and planning and consenting delays. Baring these difficulties in mind, the best guess for the cost of offshore wind power for the mid 2020s is around £115/MWh [42] . This compares to onshore wind as 'the lowest cost large scale, commercially available low carbon generator applicable in the UK' [42] .
It therefore appears as though the competitive energy market in the UK has picked offshore wind and solar PV as winners, despite its technological neutrality. Their diffusion trajectories are unlikely to provide sufficient capacity for learning to reduce the cost of deployment. Offshore wind, in particular, is likely to maintain a cost profile more akin to experimental marine technologies than other renewable energy technologies [41] , despite the UK government objective to reduce the cost of offshore wind to £100/MWh by 2020 [43] .
Social embedding of renewable energy technologies
In line with its narrow technological choice, government is moving towards a centralised planning approach, which arguably damages the ability of the market to deliver cost-effective decarbonisation solutions [40] . One of the crucial points mentioned above is that the diffusion of onshore wind, which comes at around half the cost of onshore wind, is inhibited by the planning system. It is estimated that 6.8GW of onshore wind are currently being held up in the planning process and the historical approval rate for onshore wind stands at around 40%, which could be increased to 60% with appropriate planning reforms. Crucially, the argument in favour of onshore wind entails the demand for communities to have a stake in determining the appropriate compensations in return. This would still be cheaper than developing offshore, thereby providing savings for society overall as it will also increase the speed at which projects can be granted planning consent. What is required is an effective mechanism to trade off the costs with an appropriate share of the benefits associated with giving local communities greater say over local renewable energy deployment [41] .
Increasingly, this is also a view reflected by the UK government as it is currently demanding 'a new relationship between wind farms and the communities which host them' [44] , which partially reflects the realisation that achieving the renewable energy targets would require something in the line of a tripling of onshore wind capacity [45] . With more favourable conditions towards the 01012-p.5 deployment, the cost of onshore wind is expected to drop to an extent that it will be able to compete against coal gas and nuclear without subsidies by 2016, as every doubling of installed capacity has seen prices drop by 7% due to economies of scale and supply chain efficiencies. In real terms, the levelised costs reveal that the cost of onshore wind has dropped from €200/MWh in 1984 to €52/MWh in 2011 [46] . This might reflect the increasing acceptance that truly sustainable governance of the system of energy provision requires learning, experimentation and iteration, both of the socio-ecological and the socio-technical system. By socially embedding technological diffusion processes, the sometimes fierce resistance that particular developments face from various stakeholders including actors that are not direct users of the technology can be considerably reduced. This resistance is associated with the societal transformation/ impact often associated with the technologies, conflicting visions about their consequences and desirable path to follow among different stakeholders. Purely technological projects that do not take this dimension into account therefore tend to fail due to inappropriate considerations of the societal diffusion side of innovations [30] .
In other countries, feed-in tariffs have hereby played a crucial role in the development of both a relatively low-cost renewable energy portfolio over time [12] as well as a more socially embedded energy system. The tariff levels can be easily adjusted to reflect downward pricing pressures in line with the learning, diffusion and adaptation process. FiTs have been heavily criticised for their reliance on government, rather than the market to determine the appropriate level of tariffs and with poor economic forecasting there is the danger of high tariffs driving technology costs up to the tariff level, which can result in 'gold rushes' or 'boom and bust' cycles [47] .
However, thanks to the underlying logic of both FiTs and renewable energy technologies, they are easy to understand in principle by both investors and finance providers. As a result, they attract greater plurality and engagement of market participants, including individuals, communities, businesses as well as specialist developers, investment funds and utilities [47].
Conclusion
Both the RO and the FiT have succeeded in promoting two distinctly separate renewable energy technologies, both of which are prohibitively expensive regarding decarbonisation: offshore wind and solar PV. On the other hand, these technologies arguably range quite low on the diffusion of innovations curve and various forms of subsidies will be required for a very long period (10+ years) to ensure that these technologies reach grid parity. Offshore wind in particular is still very much in the pre-commercial stage and learning effects are unlikely to drive this technology towards grid parity any time in the near future.
At the same time, decentralisation and increasing government intervention in the UK energy market is providing the opportunity for greater engagement with energy at the sub-national level. This might reflect the desire to improve energy policy's engagement potential as energy policy in other countries such as Germany and Denmark has enabled large numbers of individuals to take part in climate change action and the development of socio-ecological resilience by investing in renewable energy capacity. This is where the real failure of UK energy policy lies. Its commitment to market liberalisation creates unpredictabilities due to a lack of stability over time. It also lacks consistency concerning the co-evolution of liberal market principles, environmental principles and energy security ambitions.
However, as long as the UK is lacking an industrial production base for renewable energy technologies it remains to be seen whether decarbonisation targets can go hand in hand with a more decentralised approach to electricity generation.
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